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Abstract

Lead selenide (PbSe) quantum dots (QDs) are an attractive material for application in
photovoltaic devices due to the ability to tune their band gap, efficient multiple exciton
generation and high extinction coefficients. However, PbSe QDs are quite unstable to
oxidation in air. Recently there have been multiple studies detailing post-synthetic halide
treatments to stabilize lead chalcogenide QDs. We exploit iodide stabilized PbSe QDs in a
model quantum dot sensitized solar cell configuration where zinc oxide (ZnO) single crystals
are sensitized using cysteine as a bifunctional linker molecule. Sensitized photocurrents
stable for > 1 hour can be measured in aqueous KI electrolyte that is usually corrosive to QDs
under illumination. The spectral response of the sensitization extended out to 1700 nm, the
farthest into the infrared yet observed. Hints of the existence of multiple exciton generation
and collection as photocurrent, as would be expected in this system, are speculated and

discussed.
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Due to their tuneable band gaps, high extinction coefficients, and the ability to inject
hot electrons and multiple exciton generation (MEG),! lead chalcogenide quantum dots
(QDs) are considered promising candidates for photovoltaic, and optoelectronic
applications.2 Amongst other applications, inorganic semiconducting QDs have been often
investigated as replacements for dyes in dye-sensitized solar cells (quantum dot sensitized
solar cells, QDSSCs) and as flurophores in display applications.3

Lead selenide (PbSe) QDs are exceptionally attractive materials for IR-sensitive solar
cell and photodetector applications given their small bulk band gap of 0.28 eV that can be
increased up to 0.8 eV from quantum confinement, large Bohr radius (46 nm) and quite small
electron and hole effective masses.* In particular, colloidal PbSe QDs are known for highly
efficient multiple exciton generation.*-¢ Despite the appropriate intrinsic properties of PbSe
QDs, air stability has remained an Achilles heal for applications. Indeed, it has been reported
that air exposure leads to oxidation of up to 50% of both Pb and Se atoms within 24 hours?”
and leads to a reduction in the size of the PbSe core with a resulting blue shift of the optical
absorption and emission.” Various strategies have been investigated to stabilize PbSe and PbS
QDs. One strategy to prevent air oxidation has been to grow core/shell structures (e.g.
PbSe/ZnSe,8 PbSe/PbS,? PbSe/CdSel07) where the outer, more stable shell material protects
the PbSe core from oxidation. Atomic layer deposition (ALD) of protective layers on top of
QDs has also been explored to enhance stability as well as carrier mobilities.1112 Alternative
strategies have explored the replacement of hydrophobic surfactant ligands with all-
inorganic ligands, such as molecular metal chalcogenides (MMC) like SnS4*.13 Recently,
passivation by halide shells has been reported to protect both PbS141516 and PbSel7.1819 QDs
from air oxidation for up to several months. Both solid state and liquid phase halide ligand
exchanges on metal chalcogenide QDs have been demonstrated and shown to preserve both
the optical properties as well as the electronic structure of QDs.

In this letter we utilize iodide capped PbSe QDs (PbSe-I) in a model QDSSC
configuration. Furthermore, we employ a linker-assisted attachment to a zinc oxide (ZnO)
single crystal surface using protonated cysteine to provide an electrostatic attraction to the
negatively charged, air exposed iodide capped PbSe QDs. ZnO single crystals, a transparent
wide band gap metal oxide semiconductor, permit back-side illumination that is necessary to
probe far into the NIR to avoid competitive light absorption from the aqueous electrolyte
solution. Single crystals also enable morphological studies (AFM) of the QD attachment that

would otherwise be inaccessible in a mesoporous morphology.2021 We demonstrate



sensitization of a semiconductor electrode farther into the NIR than any yet reported as well
as the first use of iodide capped PbSe in a QDSSC architecture in a liquid electrolyte.22

A TEM micrograph of the as-synthesized PbSe QDs with an average diameter of 6.5
nm is shown in Figure 1A. The UV-Vis absorbance spectrum of the iodide capped QDs shows
a distinct first excitonic peak at approximately 1700 nm (0.73 eV). XPS spectra (Figure S1)
provide evidence for the successful iodide capping of the PbSe QDs. As reported by Ning et
al.,'s the ligand exchange does not replace all of the as synthesised oleic acid ligands which

remain at the surface of the QDs.
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Figure 1. A. TEM micrograph of the as synthesised oleic acid (OA) capped PbSe QDs. The insert is a
selected area electron diffraction pattern (SAED) of the QDs demonstrating the crystalline structure of
the PbSe QDs. B. UV-vis absorption spectra of the PbSe-OA QD sol suspended in TCE. The inset is an
expanded scale of the N-IR region of the spectrum showing the first exciton peak of the QDs.

Linker molecules with multiple functional groups, such as thiols, amines, and
carboxylic acids, are often used for attaching QDs to a wide band gap metal oxide surfaces.
Cysteine, having a thiol, amine and carboxylic acid functional groups, is thus an attractive
linker molecule for facilitating QD surface attachment. Indeed, cysteine has been shown to
enhance [PCE’s for CdSe QDSSCs relative to the commonly used mercapto-alkonic acids.z3 In
this work we use cysteine when both the thiol and amine are protonated such that the
electrostatic interaction between the positively charged cysteine and the negatively charged
iodide capping ligands on the PbSe will bridge to the ZnO surface. The pK, of the thiol, amine
and carboxylic acid groups of cysteine are 8.14, 10.28 and 1.91 respectively.2¢ Therefore,
functionalizing a ZnO crystal surface with a pH 3.9 cysteine solution results in the thiol and

amine groups both being protonated and the carboxylic acid is deprotonated.



Figure 2. Band energy level diagram depicting the relevant energy levels of bulk PbSe and 6.5 nm
PbSe QDs and the ZnO crystal. The energy positions for PbSe were calculated from reference 27.

The AFM images of clean ZnO (A) and PbSe QD sensitized ZnO (B) surfaces are shown
in Figure 3. The clean terraced surface is distinctive with curved terraces and non-uniform
terrace widths ranging from 20 - 500 nm. Both single isolated QDs (approximately 8 nm high,
slightly higher than the measured TEM size due to capping iodide ligands) and QD
agglomerates (10 - 40 nm high) were observed on the QD sensitized surface. Example AFM
line traces are shown in Figure S2. Image analysis of the AFM data revealed approximately

20% QD surface coverage (see Sl for details of the calculation).




Figure 3. AFM images of A. a clean as prepared (0001) Zn-face ZnO crystal, and; B. Cysteine and PbSe
QD modified ZnO (0001) Zn-face surface.

The incident photon conversion efficiency (IPCE) spectrum for a PbSe QD sensitized
ZnO crystal is shown in Figure 4. Aqueous KI electrolyte solution was used as a regenerating
redox couple for photocurrent measurements and all measurements are taken with backside
illumination configuration. lodide based redox couples are typically used in dye sensitized
solar cells (DSSCs) (due to its slow recombination kinetics at the oxide semiconductor
surface)?s but have not been used with QDSSCs since inorganic QDs are unstable to triiodide
oxidation.!426 In this work, given the QD capping agent is iodide, KI was used as the redox
mediator. Aqueous KI is known to photocorrode CdSe QDs. Specifically, prolonged exposure
to monochromatic light was shown to lead to a blue-shift in the first excitonic peak and was
accredited to a shrinkage of the CdSe QDs to the size whereby the band gap exceeds the
monochromatic excitation energy. Despite such instabilities, coupled with the inherent air
oxidation (instability) of lead chalcogenide QDs, we successfully measure IPCE signal (Figure
4). Indeed, Figure 4 shows that photoexcited electron injection from the first excitonic peak
(1700 nm) is clearly measured in the IPCE spectrum as expected from the appropriate band
alignment between the first excited state of the 6.5 nm PbSe QDs and ZnO conduction band
(Figure 2). The much smaller background IPCE spectrum for the same unsensitized ZnO
single crystal is also shown in Figure 4 (green points). To the best of our knowledge, 1700
nm is the furthest red sensitization reported for any sensitized photoelectrode, being further
into the IR than our previous report of PbS sensitization of ZnO out to 1580nm.22 The light
harvesting efficiency (LHE) of the QD solution used to sensitize the ZnO and normalized to
the exciton peak at 1700 nm is also shown in Figure 4. Details of how the LHE was calculated

are provided in the supporting information.



Figure 4. The IPCE spectra of a PbSe sensitized ZnO (black dots) and an unsensitized ZnO crystal
(green dots) collected at 0 V vs. Pt wire bias. The light harvesting efficiency (LHE) of the QD sol used
to sensitize the ZnO is overlaid for comparison (dashed line).

The photocurrent spectrum begins to show a positive deviation from the LHE at about
900 nm, near where extra electrons might be injected from MEG in the QDs since it is
approximately ~2 x Eg (band gap) of the adsorbed QDs. However, the deviation is not a factor
of 2 that would be expected from an efficient MEG collection from all adsorbed QDs if they
were strongly electronically coupled to the ZnO substrate as in our previous work on PbS QDs
on anatase TiO;.! The deviation becomes much larger at about 550 nm or ~3 x Eg, indicating
we may actually be seeing 3 electrons per photon in this experiment but the background IPCE
from the sub-bandgap states of the ZnO substrate is also increasing at these energies.
Although it is quite possible given the photophysics of the system,* we cannot make any
definitive claims about achieving the collection of 2 or 3 electrons per photon in this system.
This is due to several unknowns, including that the LHE of the adsorbed QDs on the ZnO
crystal has not been measured and there is aggregation of QDs on the ZnO surface (Figure 3)
and presumably not in solution the actual LHE of the surface bound QDs could be different.
The less than a factor of 2 increase in the IPCE compared to the LHE in solution might also
indicate that all QDs in clusters are not well electronically coupled to the ZnO. Also the iodide
capping groups that stabilize the PbSe QDs may not be effective at electronically coupling to

the ZnO conduction band states through the surface bound cysteine molecules.



Repeated measurements of the IPCE spectra are shown in Figure S4 as a function of
time. The stability of these photoanodes was found to vary from sample to sample (all made
from the same QD batch). However, for each sample tested, sensitized photocurrents
remained mostly stable for over 1 hour of repeated scanning IPCE spectra. We postulate that
the instability is due to the incomplete ligand exchange to iodide, leading to the oxidation
and/or desorption of the PbSe. Future work will be conducted to investigate the influence of

a complete shell on the direct exposure to electrolyte.

Element Binding Atomic
Energy (eV) Percentage (%)
Befor After
e
Pb 4f 137 8 7
13d 617 2 2
Se 3d 46 6 3
O01s 528 61 57
Zn 2p 1019 23 31

Table 1. XPS atomic percentages for samples before and after exposure to aqueous KI electrolyte.

Figure 5. XPS spectra of the Pb 4f region for PbSe sensitized ZnO single crystal, (A) before IPCE
measurement and (B) after IPCE measurement.

XPS was performed on the ZnO crystals to characterize the composition and chemical
state of the PbSe QDs before and after photoelectrochemical experiments. The atomic
percentages from XPS (calculated from the survey scan) are shown in Table 1. These data

show that the atomic percentages of lead, iodide and oxygen remain relatively constant



during IPCE measurements, however the zinc atomic percent increases and the selenium
signal decreases. The presence of iodide both before and after photoelectrochemistry implies
that the PbSe remains capped with iodide (Figure S2). The Pb 4f high resolution XPS data is
shown in Figure 5. Significant overlap with the Zn 3s peaks is observed in this region. In
agreement with the XPS survey scan, the relative contribution from the Zn 3s peak increases,
implying a decrease in the total QD population adsorbed at the surface. There exists clear
peak splitting of the Pb 4f peak in the XPS spectra both before and after electrolyte exposure
suggesting the presence of lead oxide (138.5 eV).19 The contribution from the oxidative peak
is enhanced post exposure suggesting an increase in the extent of lead oxidation. Given the
~50 nm blue shift observed in the IPCE data over repeat runs (Figure S4), relative to the
absorbance spectra of the as-synthesised PbSe QDs, the XPS data verifies a slight decrease in
PbSe QD size, presumably due to oxidation of lead. Using the size dependent extinction
coefficient of PbSe QDs from Moreels et al., the estimated change in core diameter is 0.5 nm,
which is approximately one unit cell of PbSe.2’

In conclusion, we have demonstrated the use of iodide capped PbSe QDs as a
sensitizer in a QDSSC configuration. Protonated cysteine was used as an electron coupling
ligand to promote sensitization at the ZnO single crystal surface. To the best of our
knowledge, this study reports the furthest N-IR sensitization of >1650 nm from a first exciton
injection. We speculate the relative stability of our device is a consequence of the iodide
ligands that inhibit the oxidation of the PbSe QDs. Hints of multiple exciton generation and
collection are inferred from comparing the LHE of a PbSE QD sensitizing solution to the IPCE
spectra where there is a significant positive deviation from the IPCE spectra at blue

wavelengths.
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information. Additional information and results including AFM line scans, light harvesting
efficiency (LHE) calculations and XPS data (iodide) of pre and post IPCE measurements are
also provided in the supporting information. This information is available free of charge on
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